Contact allergy to p-phenylenediamine (PPD) in children has been described over almost 2 decades, indicating a major problem. PPD can be found in permanent hair dyes and temporary henna tattoos. Children often get sensitized to PPD at a relatively young age when getting a temporary henna tattoo while away on holiday in exotic surroundings. This results in a localized acute allergic reaction at the site of the tattoo within 1-2 weeks after the tattoo has been drawn. The symptoms will clear over weeks on treatment with topical corticosteroids. However, sensitization to PPD will be life-long and may later result in very severe allergic reactions if re-exposure to PPD happens, e.g., by hair dyeing. Populationbased studies indicate that even young children may get their hair dyed and that many teenage girls dye their hair regularly. Exposure to permanent hair dyes with PPD and related substances may in itself lead to PPD sensitization and severe allergic reactions. The allergic reaction will typically develop within hours after dyeing the hair, with clinical presented symptoms such as facial edema and facial dermatitis, which also may generalize. This may lead to hospital admission and treatment with systemic corticosteroids. It is important to note that this is a delayed-type hypersensitivity reaction and should be treated as such. Antihistamines have no effect in this situation. PPD sensitization may have long-term carrier consequences, as, for example, PPD contact allergy in a teenage girl may hinder her entering the hairdressing trade. Patch testing is used to make the diagnosis of PPD sensitization. In children with severe clinical reactions to temporary henna tattoos and/or permanent hair dyes, it is advisable to start the patch testing with PPD in a low concentration, e.g., 0.01 % PPD in petrolatum. It is not recommended to get temporary henna tattoos under any circumstances and children under the age of 16 years should not use permanent hair dyes in order to avoid severe allergic reactions and life-long sensitization to PPD.
Introduction
Contact allergy has traditionally been considered to occur rarely in the paediatric population, mainly as a result of the lesser exposure to allergens [1] [2] [3] . The prevalence of contact allergy in children has over the last decades increased as a result of the more grownup behavior of children (e.g., body piercing, hair dyeing, and use of cosmetics) and more extensive patch testing of children with contact dermatitis [4] [5] [6] .
p-Phenylenediamine (PPD) is a strong sensitizer known to cause contact allergy in both occupational and domestic settings, e.g., hairdressing or with temporary henna tattooing [2, 7, 8•] . In children, allergic reactions to PPD have primarily been observed due to temporary henna tattooing and hair dyeing.
Epidemiology, source of exposure, and clinical presentation PPD (p-phenylenediamine, paraphenylenediamine, 4-phenylenediamine; CAS Registry Number 106-50-3) is an aromatic amine predominantly used as a precursor in oxidative hair dyes or as a compound in temporary henna tattoos [8•, 9, 10] . PPD is a known strong sensitizer and has for centuries been known to cause contact allergy [2, 7, [10] [11] [12] [13] [14] , which may sensitize by a single or few exposures depending on the exposure concentrations.
Several studies exist concerning contact allergy to PPD in patch-tested children with contact dermatitis [1, [3] [4] [5] . In a recent Danish study, 3.5 % of all patch tested children had PPD contact allergy [5] . This is in accordance with a Canadian study, which found a prevalence of sensitization to PPD in 4 .0 % of patch tested children [4] . In a Danish population-based study of school children aged 12-16 years, 0.2 % had contact allergy to PPD [15] . These articles mainly illustrate the fact that children's exposures may have changed. In the adult population, contact allergy to PPD is associated with female gender and being a hairdresser [7, 10, 13, 16, 17] . In contrast to this, contact allergy to PPD in children is often observed in both genders [3, 5, 15] , which may indicate that both genders in young children have an equal risk behavior towards exposure to PPD, e.g., temporary henna tattooing.
Temporary henna tattoos (black henna)
For centuries, henna has been used to stain hair, skin, and nails for public celebrations and religious ceremonies as an expression of body art. Henna is the dried and powdered leaf of the dwarf evergreen shrub Lawsonia inermis, and when it is applied to skin, the pigment lawsone interacts with keratin, therein producing the rust red color (brown henna) [8•, 18] .
In recent years, use of henna as body paint refers to black henna used for temporary henna tattooing. Often it is a chemical mixture between the original redbrown henna and substances such as PPD. PPD is added to brown henna to darken and strengthen the color and to accelerate the drying process [8•] . The content of PPD in temporary henna tattoos has been reported to vary between 0.43 and 15.7 %, which is higher than the allowed concentration of PPD in permanent hair dyes [19, 20] . Some preparations of temporary henna tattooing have been observed not to contain brown henna at all [18] .
In many families, holidays in exotic surroundings result in temporary henna tattooing in all different kinds of pattern as a holiday souvenir. The temporary henna tattooing may be done at little street shops or market places with limited control of the substances used and with no age limitation. Several case reports concerning children and contact allergy to PPD due to temporary henna tattooing have been published [19, [21] [22] [23] [24] [25] [26] [27] [28] . In a pa-tient-based study of consecutive dermatitis patients from Southern Europe, it was found that patients with contact allergy to PPD owing to temporary henna tattoos had a mean age of 14.6 years compared with a mean age of 35 and 46.4 years in cases with contact allergy to PPD owing to permanent hair dyes in occupational and domestic cases, respectively [27] . These results are confirmed by several case reports with children affected by allergic contact dermatitis due to PPD exposure [19, [21] [22] [23] [24] [25] [26] 29] . In many of the case reports, the children are as young as 7 years old when they have an allergic reaction to a temporary henna tattoo [21, 22, 25, 26, 28, 30, 31] . Typically, a localized dermatitis reaction in the tattoo presenting with erythema, papules, and blistering will develop 8-10 days after the tattoo has been painted for the first time [21, 22, 26, 28] . This is a sign of primary sensitization and elicitation has occurred by just one exposure to PPD [21, 22, 25, 26, 28, 30, 31] . More severe systemic reactions have also been observed [25, 26, 28] , and rare symptoms such as generalized erythema multiforme in relation to a temporary henna tattoo have been reported [32, 33] . It has even been described that temporary henna tattoos often get repainted at the end of the holidays to ensure the decorative henna's appearance for the longest time after returning home [26] . This behavior of repainting temporary henna tattoos is not favorable as the children are at even greater risk of developing sensitization to PPD. Moreover, the localized allergic skin reactions to a temporary henna tattoo may precede more severe systemic reactions to hair dyeing later on in life [34, 35] .
Hair dyes
Hair dyes are widely used and can be divided into three groups: oxidative dyes also called permanent dyes; semi-permanent hair dyes; and temporary dyes [9] . When oxidative coloring is intended, a precursor is needed (e.g., PPD or toluene-2,5-diamine) in the combination with a coupler (e.g., resorcinol) and an oxidizing agent (e.g., H 2 O 2 ) [9] . PPD is a common used permanent hair dye [11] , and hairdressers are at special risk for developing contact allergy to PPD and other permanent hair dyes [7, 13] . The maximum allowed concentration of PPD in permanent hair dyes in the European Union before oxidation is 4 %. Furthermore, it is noted on all hair dye products that the product is not intended for use in children under the age of 16 years. This is a recent initiative by the European Union prompted by the many reports of severe reactions to permanent hair dyes in children [16, 31, [34] [35] [36] .
It is not known to what extent children and youngsters dye their hair; however, in a Danish study based on a selected material of hairdressing apprentices, mainly girls, and a matched control group of teenagers, it was found that the mean age of their first hair dyeing was 12.1 and 13.3 years, respectively. At the time of response to the questionnaire, the hairdressing apprentices with a mean age of 17.4 years and the controls with a mean age of 17.5 years had dyed their hair 6.6 and 3.7 times within the last year, respectively [37•] . The control group was extracted from the general population and was matched on age, gender, and area code, which may have influenced the data presented. Nevertheless, these data indicate that children, and especially girls, start dyeing their hair at a relatively young age.
Data on adults from a multicenter study indicate that Middle and Southern European countries have a higher prevalence of contact allergy to PPD than Scandinavia [38] . This could indicate that geographical places with a population with darker skin color and hair, e.g., Southern Europe, could be dyeing their hair more often than, for example, Scandinavians with a higher prevalence of blond hair and different behavior intended to maintain a blonder look [38] . Whether this could be applied to the population of children has not yet been proven.
Allergic skin reactions to PPD vary from localized dermatitis at the scalp and rim of the hair to severe facial and neck edema and generalized rashes with a need for intensive care treatment [34, 35, 39] . Also, dyeing of brows and lashes may cause severe reactions (Fig. 1) .
Based on a Danish population-based questionnaire, it was concluded that 5.3 % of adults have had an allergic reaction to dyeing their hair, while only 15.6 % of these had been in contact with healthcare services [16] . No such population-based studies on contact allergy to permanent hair dyes in children exist. The actual number of children with allergic skin reactions is probably underreported [5, 34] . As previously noted, the change in behavior of children towards more grown-up habits could have influenced on the prevalence of contact allergy to PPD in children due to hair dyeing. Prior sensitization to PPD by temporary henna tattooing due to the high concentrations of PPD in the paste cause a highly sensitized child, who will develop very severe allergic reactions later on if re-exposed to PPD in permanent hair dyes [22, 23, 34, 35] .
Cross-reactivity and concomitant reactions
Cross-reactivity between PPD and a number of substances in the para-aromatic amines have been known for decades [40, 41] . However, little is published regarding cross-reactivity of PPD and other para-aromatic amines in children. Children are often sensitized to PPD due to the afore-mentioned exposures to temporary henna tattooing and/or permanent hair dyes, but they may also have simultaneous positive reactions to other para-aromatic amines when patch tested without ever being exposed to these para-aromatic amine groups. Children with contact allergy to PPD may react to black rubber [34, 42•] , other hair dye substances [34] , and textile dyes [43, 44] . Seldom, children are sensitized primarily to one of the mentioned para-aromatic amine groups, e.g., black rubber, and then co-react to PPD when patch tested.
The problem with cross-reactivity of a contact allergy to PPD and other para groups could manifest in childhood [44] or later when occupational exposure occurs, e.g., to black rubber in blue-collar workers or other hair dyes in hair- Fig. 1 . A 12-year-old girl with periorbital edema and contact dermatitis in the eyebrows following dyeing. Patch test result showed contact allergy to p-phenylenediamine.
dressers. Little is published regarding the later occupational implications for children with contact allergy to PPD. A recent published case report described a junior salesman selling plumbing devices with severe hand dermatitis [42•] . Patch testing revealed that he had contact allergy to several black rubber chemicals, hair dye chemicals, benzocaine, and textile dyes, all known for their cross-reactivity to PPD. The history revealed that he was temporary henna tattooed as a child with eruption of dermatitis at the anatomical site of the temporary henna tattoo [42•] . He had to leave his profession due to periods of sick leave, and this case report shows the potential huge carrier consequence that sensitization to PPD acquired in childhood can have.
Pathogenesis
Contact allergy, which is a delayed-type (IV) hypersensitivity reaction, is normally induced by repeated allergen exposure to the skin. However, sensitization to PPD may only require one exposure if the concentration is sufficiently high, such as in temporary henna tattooing.
Contact allergy has two phases: the induction and the elicitation phase. The induction phase is the period when the individual is exposed to the allergen (contact sensitizer/hapten) for the first time until the individual is sensitized to the allergen. The elicitation phase is the phase where exposure to the allergen elicits an allergic skin response in an already sensitized individual. The sensitization phase is without symptoms, while clinical skin symptoms are developed in the elicitation phase, typically erythema, edema, and possible vesicles [45] .
PPD is a prohapten that is converted to a more reactive hapten; the exact chemical nature of this is still not fully understood [9] . In the induction phase, the hapten penetrates the skin barrier, which activates dendritic cells that migrate to draining lymph nodes with priming of naïve T cells and later activation of hapten-specific T cells [45] [46] [47] [48] . The elicitation phase normally begins with renewed exposure to the hapten, when the hapten is presented to hapten-specific T cells by allergen-presenting cells with the result of local cytokine and chemokine release [45, 49] . These mediators both have proinflammatory responses and recruit other inflammatory cells, which makes the skin develop acute dermatitis with erythema, edema, infiltration, and vesicles.
When a child gets a temporary henna tattoo, the skin is exposed to PPD for a long period of time (weeks), which means that both the induction and elicitation phase can happen with the one exposure. Several of the aforementioned case reports confirm that only one exposure to PPD, e.g., temporary henna tattooing, is needed to elicit a delayed-type hypersensitivity reaction within days [21, 25, 44] . It is well-known that exposure to PPD in a low concentration and for a short time, e.g., when hair dyeing, can elicit an allergic skin reaction in individuals already sensitized to PPD [50, 51] .
For further details, see textbooks or review articles on contact allergy to PPD [9, 50, [52] [53] [54] .
Diagnosis
The diagnosis of allergic contact dermatitis due to PPD is based on a positive patch test result to PPD in a patient with a history of contact dermatitis in relation to exposure to PPD [55] . Patch testing is performed on the upper back of the individual using a small aluminium chamber (8 mm) filled with PPD as free base or as a thin-layer rapid-use epicutaneous patch test. The occlusion time of the patch test chamber is 48 h, and readings are performed at least once at days 3 or 4 and often also at days 2 and 7, in accordance with the recommendations of the International Contact Dermatitis Research Group [56] . Reactions of strength 1+, 2+, and 3+ are interpreted as positive responses.
In adults, PPD is included in the European baseline series in a recommend concentration of 1 % in petrolatum.
Children with a previously localized allergic reaction to a temporary henna tattoo and/or severe allergic reaction to permanent hair dyes tend to have strong patch test reactions (2+/3+) [21, 22, 25, 28, 30, 31, 34, 35 ] (see Fig. 2 ). Overall, a trend of strong positive patch test reactions to PPD is shown when the sensitization phase is powered by a temporary henna tattoo with a high concentration of PPD.
In children, patch testing with PPD should be done in case of clinical suspicion of contact allergy to PPD, e.g., in relation to contact dermatitis to temporary henna tattoos or permanent hair dyes, in order to make the diagnosis.
Children should be patch tested with the smallest possible concentration of PPD to avoid strong allergic reactions, as it is known that children with a history of reactivity to PPD due to temporary henna tattooing would need a lower dose and/or less exposure time to elicit an allergic reaction. Therefore, patch testing with PPD is recommended to be performed in a step-wise procedure starting with a low concentration of 0.01 % PPD in petrolatum. If the concentration of 0.01 % PPD has not elicited any allergic skin reaction at the first reading, a new patch test chamber with a stronger concentration can be applied of 0.1 or 1.0 % PPD in petrolatum [57] . This titration of PPD dose ensures that children with a high reactivity to PPD are diagnosed with the lowest possible dose of PPD for the shortest duration of time.
Prevention
Prevention of contact allergy to PPD should have priority. Children should avoid getting temporary henna tattoos. The listed literature clearly shows that Fig. 2 . A strong patch test reaction to p-phenylenediamine in 1 % petrolatum. The patch was removed after 5 h due to a strong allergic reaction. The reading was performed at 48 h.
only a single episode of getting a temporary henna tattoo is enough to induce contact allergy to PPD, which could have major impact on future carrier choice and the development of severe allergic reactions later in life when re-exposed to PPD or related compounds, e.g., in permanent hair dyes. Children with a history of an allergic reaction following a temporary henna tattoo should therefore avoid hair dyeing and occupational exposures to PPD, e.g., avoiding hairdressing with a daily exposure to hair dyes or black rubber exposure in machine operating and the like. This could have major impact on a young adult's quality of life; e.g., if the dream of becoming a hairdresser is endangered by having a localized skin reaction after getting a temporary henna tattoo as a child.
An age limitation exists on permanent hair dyes, as children under the age of 16 years are recommended not to get their hair dyed with permanent hair dyes. All manufacturers are obliged by law to write this on their products. This recommendation should also be implemented in the hairdressing trade, as many of the case reports show that young teenagers with allergic reactions to PPD had had their hair dyed at the hairdresser [34] .
The skin allergy test (SAT) is recommended by the manufacturers as a quick and easy way to test for contact allergy to hair dyes. The SAT is an open application of the coloring base at the retroauricular area for 48 h prior to hair dyeing. This procedure is not standardized and implies a risk for sensitization to PPD by the procedure itself [17] . Children with a prior allergic skin reaction to a temporary henna tattoo should avoid hair dyeing as they are at risk for developing severe allergic reactions.
Prognosis and treatment
Depending on the extent of disease, contact allergy to PPD requires acute management with topical and sometimes systemic corticosteroids. Different national guidelines exist on the use of corticosteroids in children concerning dose and treatment duration.
The use of antihistamines will have no effect on the allergic contact dermatitis, and it is important to distinguish between a delayed-type hypersensitivity reaction and an immediate-type hypersensitivity reaction. The difference between the two hypersensitivity reactions is found in the history, as the immediate-type hypersensitivity reaction often develops over minutes while the delayed-type hypersensitivity reaction takes hours to days before an allergic response is elicited. The acute symptoms will disappear on treatment, but it is of great importance to point out that the sensitization to PPD will persist. Prevention and allergen avoidance is the mainstay to prevent new allergic skin reactions to PPD (see Prevention).
Conclusions
PPD is primarily used in temporary henna tattoos and in permanent hair dyes. Contact allergy to PPD in children has been observed in numerous case reports over the last decade. Children tend to get sensitized to PPD in temporary henna tattoos while away on holidays at places with little or no legislation on the PPD content in these temporary henna tattoos. This sensitization to PPD can give localized symptoms such as erythema, papules, and blistering. Often, only one temporary henna tattoo is needed for the child to get sensitized to PPD and to elicit an allergic skin reaction within days.
The literature indicates that children may get their hair dyed at a relatively young age. The exposure to permanent hair dyes with PPD may in itself also lead to PPD sensitization and can elicit severe allergic reactions with facial dermatitis and facial edema within hours of exposure. An allergic reaction due to PPD is a delayed-type hypersensitivity reaction and is treated with either topical or systemic corticosteroids. Antihistamines will have no effect on the allergic reactions. Patch testing is used to make the diagnosis of contact allergy to PPD. In children with severe clinical skin reactions to temporary henna tattoos and/or permanent hair dyes, it is advisable to start the patch testing with PPD in a low concentration, e.g., 0.01 % PPD in petrolatum.
Children are not recommended to get temporary henna tattoos under any circumstances and children under the age of 16 years should not use permanent hair dyes. In already sensitized children, it is important to avoid future occupational and domestic exposure to PPD and other substances known to cause cross-reactivity, e.g., black rubber.
In the future, population-based and patient-based retrospective, epidemiological studies on contact allergy to PPD in children are needed, with a focus on long-term consequences. Moreover, follow-up studies on the effectiveness of the legislation on preventing sensitization to permanent hair dyes in children are warranted, e.g., to investigate the law intended to limit children having their hair dyed when younger than 16 years of age and its implementation in the hairdressing trade.
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